Abstract: Soluble products obtained from the oxidation of four types of coal, each characterised by different degree of coalification and different degree of sulphur content, are studied. The coals are oxidised with peracetic acid (PAA) and nitric acid. Analyses are performed by Atmospheric Pressure Temperature Programmed Reduction (AP TPR) and Fourier Transform Infl'ared Spectroscopy (FTIR). The soluble products contain much more sulphur than the insoluble products of oxidation. The products obtained fl'om the reaction with HNO3 contain higher amounts of inorganic sulphur compounds, while those obtained fl'om the reaction with PAA are characterised by an increased content of organic sulphur species.
Introduction
Almost all coal deposits in the world contain high sulphur types of coal. The exception being Australian deposits in which the content of sulphur is relatively low [1] . Because coal deposits of low sulphur content are gradually being exhausted, it has become necessary to use the high sulphur types of coal. Thus, the quantity of coals of higher sulphur content being mined has increased, prompting a search for more effective procedures of coal desulphurisation. * E-maih pietrob@amu.edu.pl
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The process of desulphurisation is a preliminary procedure for preparing high sulphur coals %r the market and technological use. Of the many physical [2, 3] , chemical [1, 2, 4] and biological [5, 6] methods of desulphurisation, chemical methods have been %und to be the most effective and promising. These processes allow %r the removal of all pyrite sulphur and a considerable decrease in the content of organic sulphur. The choice of technique %r desulphurisation depends upon the type of sulphur species present in a given type of coal. A detailed recognition of the physical and chemical structure of coals is an essential preliminary step in designing effective methods of their desulphurisation.
One method %r studying the coal structure is based on its oxidation by different oxidising agents. When the reaction occurs in aqueous media, part of the coal substance is dissolved. There are many reports on coal oxidation [7 10 ], but few authors have been interested in the soluble products of coal oxidation and in particular the sulphur containing species. In view of the above, a study has been undertaken to identify the sulphur species in the soluble products of coal oxidation and to determine their structure and types of conversions they undergo.
Our earlier works [11, 12] present the results of a study of the insoluble products of the oxidation of different types of coals, each characterised by different degrees of carbonisation and different sulphur content. The efficiency of the oxidation depends upon the type of coal and the oxidising agent. The process of oxidation, carried out in aqueous media, converts part of the organic substances in coal into products that are soluble in acids. The loss of sulphur in the solid state products of the oxidation also depends upon the type of oxidising agent.
The aim of this study is to characterise the soluble products of aqueous coal oxidation, using the most effective oxidising agents, nitric acid and peracetic acid (PAA) [11, 12] . The oxidised sulphur containing species are analysed by Atmospheric Pressure Temperature Programmed Reduction (AP TPR) [13] . The oxidation products are also studied by Fourier Transform Infrared Spectroscopy (FTIR).
Experimental

Samples
The samples studied were the soluble products of aqueous coal oxidation with PAA and nitric acid. The study was per%treed on %ur different types of coal with different degrees of coalification and different sulphur contents from the %llowing mines: Mequinenza in Spain, and Czeczot, Siersza and Zofi6wka in Poland. Prior to the study, the coals were demineralised using the method of Radmacher and Mohrhauer [14] . The procedure %r coal sample preparation, a detailed procedure %r the coal oxidation, and the characterisation of the initial samples and the solid state products of the oxidation have been described previously [11, 12] . 
Isolation of the soluble part of coal oxidised by PAA and nitric acid
The oxidation of demineralised coal samples by PAA was conducted for 6 hours at 40 ~ whereas, oxidation by 5% HNO3 was conducted for 6 hours at the boiling point of the mixture [11] . The solid products were filtered off. The solution containing the soluble oxidation products was evaporated to dryness in a water bath. The isolated products were dried under vacuum to constant weight.
Analytical procedures
Elemental analysis (C, H, N) was performed on a CHNS PERKIN ELMER 2400 Series II analyser. Total sulphur content was determined by the micro method using thiorine as an indicator [15, 16] . The AP TPR analysis was performed according to a procedure described earlier [13] , using 40 mg of sample mixed with 60 mg of silica. The hydrogen flow rate was 50 cm3/min, and the temperature was increased at a rate of 5 ~ from 20 1000 ~ The H2S formed at a given temperature was carried by H2 gas out of the system, dissolved in an appropriate basic buffer, and quantified by an S 2-ion selective electrode. Identification of particular forms of sulphur was made based upon the measurements of model compounds [1~19] . The samples were studied by FTIR on a Bruker spectrophotometer model IFS l13v, using 2 mg of sample with 200 mg KBr in standard disk form. One hunderd 'scans' at a 2 cm -1 resolution were used to obtain each spectrum ( Fig. 1 and 2 ). The spectra obtained are presented on transmittance scale.
Results and discussion
Elemental analyses on the soluble products of oxidation of the four different rank coals show ( Table 1 ) that Zofi6wka coal contains the least amount of carbon. This is well visible for the products of the coal oxidation by PAA and by nitric acid. A lower percentage of carbon correlates with a higher content of mineral (Table 1) . For the other three types of coal, in which the ash content is lower, a much higher content of carbon is observed. The higher percentage of nitrogen in the soluble products for all types of coal oxidised with nitric acid indicates that nitrogen is built into the coal structure during the oxidation process, mainly in the form of nitric groups [11, 20, 21] .
From the results given in Table 2 , the brown coal Mequinenza produces the highest yield of soluble products, the flame coals Czeczot and Siersza, have lower yields, while the orthocoking coal, Zofi6wka (having the highest degree of coalification from among the coals studied [11] ), has the lowest yield. The results suggest that the yield of soluble products decreases with increasing degree of coalification for a given coal. This correlation holds for the samples oxidised by either PAA or 5% nitric acid. The effect of PAA on the structure of Mequinenza (and the yield of soluble products) is much greater than that of nitric acid. The higher reactivity of PAA with this type of coal has also been characterised by XPS results [22] . The effect of PAA is also greater than that of nitric acid for Zofidwka coal, while the results for Czeczot and Siersza indicate the reverse; their conversion to soluble products is greater from the oxidation with nitric acid.
The total sulphur content (Table 2) in the soluble oxidation products is much higher than in the insoluble products [12] , which confirms the ability of the oxidising agents to desulphurise the coal. The high content of total sulphur and the very low content of mineral substances in the soluble products of Mequinenza coal oxidation suggests that the main contribution to the total sulphur comes from organic sulphur compounds. The same conclusion holds %r the Mequinenza coal oxidation by both nitric acid and PAA and is consistent with the earlier results [12] , proving that organic sulphur species are dominant in this high sulphur coal. In the soluble oxidation products of the other three types of coal, which contain much higher amounts of mineral substances, the character of the sulphur species is difficult to establish. There%re, the samples are also analysed by the Atmospheric Pressure Temperature Programmed Reduction (AP TPR). Un%rtunately, the sulphur recovered (Table 2 ) from the samples is very low, which permits drawing only approximate qualitative conclusions. The low values of sulphur recovery are a consequence of the fact that the H2S %rmed in the process of analysis combines with some inorganic coal components [23, 24] or are due to the presence of some highly stable thiophenic species [13] . However the main reason %r such a low AP TPR sulphur recovery is the release of sulphur in the %rm of species other than H2S (mainly SO2, but also some small amounts of volatile thiols and thiophenes including its methyl and ethyl substituted derivatives) [19, 25] , which can not be recorded by the potentiometric detection system of the AP TPR.
According to the data collected in Table 2 , the lowest AP TPR sulphur recovery was obtained %r the soluble oxidation products of Mequinenza coal, suggesting that the sulphur occurs mainly as oxidised organic sulphur species, and during the AP TPR measurements they are released mainly as SO2, not as H2S. The smallest amount of sulphur in the %rm of oxidised species occur in the soluble oxidation products of Zofi6wka coal, as indicated by the highest sulphur recovery. This result confirms the fact mentioned previously that the oxidising agents have the smallest effect on the organic structure in this type of coal. The soluble products of oxidation of the %ur types of coal were also analysed by infrared spectroscopy (FTIR). The IR spectra are shown in figures 1 and 2.
The majority of the FTIR spectra show bands typical of oxidised organic sulphur species. The band at 1030 cm -1 is assigned to the stretching vibrations of S O double bond in sulphoxides [26] . The band corresponding to the absorption of-SO2 in sulphones appears in the range of 1350 1300 cm -1%r the asymmetric vibrations and in the range of 1160 1120 cm -1%r the symmetric ones. In the spectra %r Mequinenza coal products, which contain the highest content of organic sulphur species, the above bands are visible %r the oxidations with both nitric acid and PAA ( Fig. 1 and 2 ). In the spectra of the other types of coal, the bands are visible only in the products obtained by oxidisation with PAA, and their intensity is lower than in the spectra of Mequinenza coal. This fact can be explained by the lower content of organic sulphur as well as the lower amount of oxidised sulphur species in the other types of coal [12] . The results also confirms our earlier conclusions that PAA is more effective at oxidising organic species containing sulphur [12] . The band at 1120 cm-1 is assigned to sulphates~ formed as a result of pyrite oxidation [27] . This band is particularly well visible in the spectra of the soluble products of Zofi6wka coal oxidation ( Fig. 1 and 2 )~ due to its high ash content ( Table 1) .
The FTIR spectra of all soluble products of coal samples oxidised by nitric acid (Fig.  l) show a band near 1535 cm -1. Based upon literature data~ the band can be assigned to nitric groups [26] . The appearance of this band is in agreement with the elemental analysis data (Table 1) ~ which indicate elevated levels of nitrogen in these samples. In spectra (c) and (d) (Fig. 1) , tile sharp bands near 1380 cm-' may arise from inorganic nitrates formed during the treatment process [28] ~ because these samples have higher ash content (Table 1 )than samples (a) and (b) (Fig. 1) .
The AP-TPR kinetograms of the samples studied are shown in Fig. 3 and 4 . Correct interpretation of the AP-TPR results (kinetograms) requires knowledge of the temperatures of hydrogenation/reduction of the particular sulphur species. The temperatures were determined in a study on model compounds [1~19]~ and the temperature ranges %r the hydrogenation of diflbrent sulphur species are given in an earlier paper [12] .
According to literature data~ oxidation of organic sulphur species should lead to sulphoxides~ sulphones~ or even sulphonic acids [29] ~ as is demonstrated in the FTIR spectra of the samples. Some of the above compounds are water soluble~ and during the coal oxidation trans%rm into the soluble products. Pyrite undergoes oxidation to soluble Fe2(SO4)3~ and tile presence of this compound among tile soluble products is reasonable based upon the high ash content (Table 1) . Demineralised Mequinenza coal does have the lowest pyrite content, i.e. 11.1% of the total amount of sulphur [12] . This means~ together with the low ash content of the soluble part (Table 1) ~ that Fe2(SO4)3 does not interfere in its AP-TPR profile. In figure 5 the AP-TPR profile of this compound is given. Its AP-TPR sulphur recovery is relatively high (55%)~ compared to other inorganic sulphates [19] . It is known that~ in the presence of coal and due to its distribution within the coal~ the reduction of this compound into H2S will be higher. The very low AP-TPR sulphur recovery of the soluble oxidation products from Mequinenza coal~ which contains mainly organic sulphuL is a serious obstacle in correct interpretation of the kinetograms of this sample. Despite these problems~ the kinetogram of 284 R. Pietrzak (Fig. 3) reveals a clear peak with a maximum at 620 ~ which is based upon the study of model compounds and can be assigned to sulphones and diaryl sulphoxides [12] , as is indicated in the FTIR results. The small peak at 480 ~ can be assigned to aryl and alkyl sulphoxides [12] . The kinetogram of the soluble oxidation products of Mequinenza coal by PAA (Fig.4) confirms a high effectiveness of this oxidising agent on organic sulphur species. The signals in the kinetogram between 280 400 ~ correspond to sulphonic acids that can be formed from coal oxidation [29] . The high degree of oxidation of organic sulphur species is corroborated by the intensity of the signal in the range 510 650 ~ assigned to sulphoxides and/or sulphones, which are much lower than in the kinetogram of the sample oxidised with nitric acid. Under PAA oxidisation, the organic sulphur species were most likely oxidised not only to aryl and alkyl sulphoxides but also to the previously mentioned sulphonic acids. This is consistent with the conclusions from our earlier study on the effect of PAA on sulphur compounds [12] .
The kinetograms of the soluble products obtained from Siersza coal oxidation ( Fig.  3 and 4) show a greater effect of nitric acid than PAA on pyrite sulphur, which is the dominant form of sulphur in this type of coal [12] . The presence of inorganic sulphur species in the soluble products obtained by oxidation of this coal with nitric acid (Fig.  3 ) is evidenced by a peak profile similar to that in figure 5, and thus must be assigned to Fe2(SO4)3. In the kinetograms of the soluble products obtained by Siersza coal oxidation with PAA (Fig. 4) , the presence of Fe2(SO4)3 is less visible as only a small shoulder at ~480 ~ is %und. The kinetogram of the soluble products obtained by Czeczot coal oxidation with PAA (Fig. 4) shows a clear peak with a maximum at 490 ~ but in this case, the peak should be assigned to oxidised organic sulphur species, such as aryl and alkyl sulphoxides. Czeczot coal contains much less pyrite sulphur than Siersza coal [12] . This conclusion is confirmed by the kinetogram of the Czeczot sample when oxidised by nitric acid (known to easily oxidise pyrite to sulphate), showing a low intensity signal at 490 ~ A more detail analysis of the kinetograms of the soluble products of Czeczot and Siersza samples oxidation is difficult because of a high content of mineral components and low sulphur recovery, which may be responsible for disturbances in the kinetograms.
The kinetograms of the soluble products of Zofi6wka coal oxidation do not show distinct signals assigned to oxidised organic sulphur species. The shape of the kinetograms indicates that iron sulphate is the main species in the soluble oxidation products of this type of coal (Fig.5 ). This conclusion agrees with the previously discussed analytical data, indicating that the soluble oxidation products of Zofi&wka coal contain mainly inorganic compounds.
Conclusions
Analysis of the soluble products of coal oxidation indicates that they contain much higher total sulphur content than the insoluble products. These results also confirm the effec-tiveness of nitric acid and peracetic acid in the coal desulphurisation process, although the yield of the soluble products depends on the type of oxidising agents and the rank of coal. Coal oxidation by nitric acid additionally leads to an increase in the amount of soluble species containing nitric groups. Moreover, it has been found that the soluble products of coal oxidation with nitric acid are characterised by a greater concentration of oxidised inorganic sulphur species, whereas those obtained from PAA oxidation show an increased contribution of organic sulphur species. The presence of species containing S O and -SO2 in the soluble oxidation products of coal is also confirmed by their IR spectra. The results of the AP TPR study indicate a significant effect of PAA on the organic sulphur species, leading to formation of sulphoxides, sulphones, and sulphonic acids. Table 2 Characteristics of soluble part of dernineralised coals oxidation with HNO3 and PAA.
